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Motivation
• We have not (yet) found any evidence of New Physics, but dark matter 

relic density hints towards EW/TeVish scale.

• We know that dark matter (DM) is out there due to gravitational 
probes, but are utterly ignorant about its particle identity.

• If DM is a thermal relic, typically a nearby (co)annihilating partner (X) is 
required to obtain the correct relic density (ignore asymmetric DM). 
Reversing the coannihilation diagram gives “stealth” LHC signatures due 
to compressed spectra.

• Working at the dimension 4 operator level we might also need 
mediators, since DM and X are charged under a discrete symmetry.

• Idea: Completely classify all sets of quantum numbers for (DM, X, M) 
arising from the coannihilation diagram and study the implications of 
these simplified models on LHC searches, direct and indirect detection.
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Classification of Dark 

Matter Coannihilation
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Framework
a) Coannihilation diagrams

DM = (1, N,�)

b) Assumptions:
• DM is a thermal relic, colorless, electrically neutral,                         .

• DM and X co-annihilate in a 2 to 2 process via renormalizable, tree-level interactions.

• All particles have spin 0, 1/2 or 1.

• Massive vectors are gauge bosons from broken gauge groups.

• Lorentz and gauge invariance.

• Agnostic on flavor symmetries, dark charges, additional particle content, etc…
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Figure 1. Co-annihilation channels: (1) indicates the general process for DM X ⌅ SM1 SM2,
where the specific processes are indicated by (2) for s-channel, (3) for t-channel and (4) for four-
point interactions. The arrows on the external and internal lines denote the flow of charge under
the SM gauge groups. In these diagrams the nature of the lines does not correspond to the Lorentz
nature of the fields involved and we allow for all Lorentz invariant assignments.

• We only consider particles with spin 0, 1/2, or 1. We assume spin 1 particles are

massive gauge bosons of a new broken gauge group.

• Other assumptions?

These requirements constrain the possible representations of dark matter under the SM

gauge group SU(3) ⇥ SU(2) ⇥ U(1)Y to be (1, N,�), where the combination of SU(2)

representation N and hypercharge � = 2k + 1 � N , k ⌃ {0, 1, . . . , N � 1} is required to

admit an electrically neutral state.2 Standard Model gauge invariance is used to enumerate

the possible X representations by requiring that the DM–X–SM1–SM2 diagrams conserve

SU(3) ⇥ SU(2) ⇥ U(1)Y . We emphasize that, given our assumptions, the dark matter

field content of Nature is guaranteed to belong to at least one of the simplified models we

consider.

We will address complications of this construction from the breaking of electroweak symme-

try in section 2.3. We note that at this point, we could assign spin and Lorentz structure

to each of our diagrams, define the canonical dimension of each corresponding higher-

dimensional operator, and treat each diagram as a contribution to an e�ective field theory

of dark sector interactions, along the lines of [2–6]. We eschew this approach in favor

of simplified models [7] by completing each diagram with concrete choices of s-channel

(Ms) and t-channel (Mt) mediators, and allowing only operators up to dimension four, see

figure 1. We also allow for coannihilation through a tree-level four-point interaction,3 as

depicted in the rightmost diagram of figure 1.

Our motivation for considering simplified models instead of e�ective operators is manifold:

2We define Q � T3 + 1
2Y , where Q is the electric charge, Y the hypercharge and T3 the weak-isospin

projection of the multiplet.
3The rationale behind considering only tree-level interactions goes as follows. While loop-induced vertices

will not alter our field content, such models would be intrinsically suppressed with respect to a simplified

model with tree-level interactions. From the point of view of phenomenology, loop-induced diagrams of

UV dark matter models may still be important in regions of parameter space, but these regions have to be

checked on a case-by-case basis. FY: There are two non-renormalizable couplings we are including:

hgg and h��. JZ: I do not see them in our tables. Need to decide what to do with them.

Note that they also arise from the debacle. FY: Do we discuss loop-induced debacle e�ects?

– 4 –
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Along the road ...

6

1. Gauge boson selection rules:

In QCD, the g-A-B vertex obliges A and B to have the same color charge. 
If a SM gauge group arises from the breaking of a larger one (i.e: GUT, 3-3-1-1) the 
gauge boson coupling vanishes for two broken and one unbroken boson.
(No coupling of two gluons to a “heavy-gluon”)

2. Breaking of SU(2)xU(1):

EWSB leads to SU(2) violating vertexes and also mixing among fields with different 
EW quantum numbers. Unbroken SU(2)xU(1) greatly simplifies the classification. We 
have devised an algorithm to obtain the broken phase results from the unbroken ones.

3. Parity to prevent DM decay:

Role reversal is dangerous, i.e: Ms=Xt, Mt=Xs  gives DM       4 SM particles. 
Requiring lifetime larger than age of the Universe too contrived.
Solution: impose a Z2 parity, under which DM,X,Mt are odd and Ms, SM are even.



Overview

SU(3)X

SM SU SF TU TF

p-p 5 10 10 13
p-V - 3 - 6
p-H - 9 - 16
p-L - 11 - 26
V-V 2 - 1 -
V-H 1 - 1 -
V-L 1 - 5 -
H-H 6 - 4 -
H-L 8 - 10 -
L-L 8 - 9 -

Total 17 20 40 58

• Topology: s-channel and t-channel (M being Z2 even/odd).

•           : 1 (Uncolored), 3 (Fundamental), 8 (Octet), 6,10,15,27 (Exotic).

• LHC: q,g (proton) vs VB (V) vs H vs L

All SO [5], SE[7], TO [10], TE[10]

Non-standard DM pheno!
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Tables (s-channel)

SU [17]

SO[5], SE [7]

SF [20]

this sentence to the beginning of paragraph. Add ”Throughout this paper, we

will not distinguish between vector bosons and scalars unless only one of these

spin states is allowed. Models with scalars and vectors will have the same type

of signatures, but di�erent kinematical (kinematic?) distributions, production

cross sections and branching ratios.”

Our models are classified according to the color representation of the mediator, which

trivially coincides with the color charge of X, due to the existence of the M–X–DM vertex

by construction. Our results are given in table 2 for color singlet mediators, table 3 for color

triplet mediators and table 4 for color octet mediators and for “exotic” color representations

(representations that are not realized in the Standard Model). Each of the models has a

unique identification tag starting with “SU” (for s-channel uncolored), “ST” (s-channel

triplet), “SO” (s-channel octet), and “SE” (s-channel exotic). JK: How about using

SS? How about using s instead of S? The hypercharge flowing through the mediator is

�+⇥ JK: define again, and its possible values are limited on the SM-side of the diagram

SEH: its possible values are fixed by the choice of SM1 and SM2.: this number

must be achievable by combining (adding) the hypercharges of any two given SM fields.

The last two columns list additional vertices: on the one hand a coupling of the form SM3 –

DM – X may be possible, where SM3 is a SM particle and possible candidates are explicitly

listed. On the other hand we examine whether two X fields (and/or their conjugates) can

directly couple to the mediator. Depending on the charges this can be realized for XX, X̄

X or X̄ X̄. We do not enumerate here all these possibilities; rather if one of these is allowed

a tick mark (X) appears in the last column. JK: explain all columns explicitly MdV:

Last line of table two should be moved to text (end of section 2.2.1).

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
(1, 3, 0)N�2 B (QLQ̄R), (LLL̄R), (HH̄), (WiWi) B, Wi X

SU4 F (LLH)

SU5

�2

(1, 1,�2)
B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel, for
DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model, however,
with similar phenomenology. For the SU(3) singlet X, whenever there is the vertex M–X–X there
is also the equivalent M–DM–DM vertex with ⇥ = �.

– 11 –

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )

B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8

3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )

B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark. JK: this info should
be directly in the table, e.g. as a footnote

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SO1

(8, N,�)
0

(8, 1, 0) 6=g[s2] B (dRd̄L), (uRūL), (QLQ̄R) X� = 0

SO2 (8, 3, 0)N�2 B (QLQ̄R) X� = 0

SO3 �2 (8, 1,�2) B (dRūL) X� = ±1

SO4 (8, N ± 1,�) �1 (8, 2,�1) B (dRQ̄R), (QLūL)

SO5 (8, N ± 2,�) 0 (8, 3, 0) B (QLQ̄R) X� = 0

SE1

(6, N,�)

8
3 (6, 1, 8

3 ) B (uRuR) X� = � 4
3

SE2 2
3

(6, 1, 2
3 ) B (QLQL), (uRdR) X(� = � 1

3 )

SE3 (6, 3, 2
3 )N�2 B (QLQL) X� = � 1

3

SE4 � 4
3 (6, 1,� 4

3 ) B (dRdR) X� = 2
3

SE5
(6, N ± 1,�)

5
3 (6, 2, 5

3 ) B (QLuR)

SE6 � 1
3 (6, 2,� 1

3 ) B (QLdR)

SE7 (6, N ± 2,�) 2
3 (6, 3, 2

3 ) B (QLQL) X� = � 1
3

Table 4. Same as table 2, where X is an adjoint or an exotic of SU(3).

2.2.2 Simplified dark matter physics: t-channel models

When discussing models with t-channel mediators we have cases for SM1 SM2 leading to

di�erent possibilities for DM X M. JK: don’t understand this sentence. SEH: Is

this sentence necessary? It is not specific to the t-channel, right? The possible

diagrams depend crucially on the spin assignments of the particles involved. We define the

four spin assignment classes present for the t-channel and depict them in figure 2. SEH:

As in the s-channel, we do not distinguish between scalars and vectors, which

are both represented as a dashed line in Fig. ... The results of our analysis are given

in tables 5, 6 and 7. As for the s-channel each of the models has a unique identification tag

starting with “TU” (for t-channel uncolored) JK: TS?, “TT” (t-channel triplet), “TO”
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ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )
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t-channel

TU [40] TO [10], TE [10]
TF [58]

ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TU1

(1, N,�)

0

(1, N, ⇥) I (BB), (BWi), (WiB), (WiWi) B, WN�2
i

TU2 (1, N ± 1, ⇥ � 1) I (HH̄) B, WN�2
i

TU3 (1, N ± 1, ⇥ + 1) II (LLH)

TU4 (1, N ± 1, ⇥ � 1) III (HLL)

TU5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R) B, WN�2

i

TU6 (3̄, N, ⇥ � 4
3 ) IV (uRūL) B, WN�2

i

TU7 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L) B, WN�2

i

TU8 (1, N ± 1, ⇥ + 1) IV (LLL̄R) B, WN�2
i

TU9 (1, N, ⇥ + 2) IV (⌦R ⌦̄L) B, WN�2
i

TU10

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU11 (1, N, ⇥ + 2) II (⌦RB), (⌦RWi)
N�2 ⌦R

TU12 (1, N ± 1, ⇥ + 1) II (LLH̄) ⌦R

TU13 (1, N, ⇥) III (B⌦R), (Wi⌦R)N�2 ⌦R

TU14 (1, N ± 1, ⇥ + 1) III (H̄LL) ⌦R

TU15 (1, N ± 1, ⇥ + 1) IV (LLLL)

TU16 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TU17 (3̄, N, ⇥ + 2
3 ) IV (dRūL)

TU18 �4 (1, N, ⇥ + 2) IV (⌦R⌦R)

TU19

(1, N ± 1,�)

�1

(1, N, ⇥) I (BH̄), (WiH̄)N�2 H̄

TU20 (1, N ± 1, ⇥ + 1) I (H̄B), (H̄Wi) H̄

TU21 (1, N, ⇥ + 2) II (⌦RH) LL

TU22 (1, N ± 1, ⇥ + 1) II (LLB), (LLWi) LL

TU23 (1, N ± 1, ⇥ � 1) III (H⌦R) LL

TU24 (1, N, ⇥) III (BLL), (WiLL) LL

TU25 (1, N, ⇥ + 2) IV (⌦RL̄R) H̄

TU26 (1, N ± 1, ⇥ � 1) IV (L̄R⌦R) H̄

TU27 (3̄, N, ⇥ + 2
3 ) IV (dRQ̄R) H̄

TU28 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR) H̄

TU29 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL) H̄

TU30 (3, N, ⇥ + 4
3 ) IV (ūLQL) H̄

TU31
�3

(1, N ± 1, ⇥ + 1) IV (LL⌦R)

TU32 (1, N, ⇥ + 2) IV (⌦RLL)

TU33

(1, N ± 2,�)

0

(1, N ± 1, ⇥ � 1) I (HH̄)

TU34 (1, N ± 1, ⇥ + 1) II (LLH)

TU35 (1, N ± 1, ⇥ � 1) III (HLL)

TU36 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TU37 (1, N ± 1, ⇥ + 1) IV (LLL̄R)

TU38

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU39 (1, N ± 1, ⇥ + 1) II (LLH̄)

TU40 (1, N ± 1, ⇥ + 1) III (H̄LL)

Table 5. List of possible models which give rise to co-annihilation diagrams in the t-channel,
for DM in (1, N,�). Whenever the Standard Model particles are equal there is no additional
diagram, however, whenever the these particles are their anti-particles, conjugating the row gives
the anti-model, and the same for two di�erent particles. JK: sloppy formulation - what’s an
anti-model?

not only modify the coannihilation cross section, but also a�ect the production strengths

and decay modes of the new particles, which are relevant to the collider phenomenology.

– 14 –

ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TF1

(3, N,�)

10
3

(3̄, N, ⇥ � 4
3 ) IV (uR ⌦̄L)

TF2 (1, N, ⇥ � 2) IV (⌦̄LuR)

TF3

4
3

(3̄, N, ⇥ � 4
3 ) II (uRB), (uRWi), (uRg) uR

TF4 (3̄, N ± 1, ⇥ � 1
3 ) II (QLH) uR

TF5 (1, N ± 1, ⇥ � 1) III (HQL) uR

TF6 (1, N, ⇥) III (BuR), (WiuR) uR

TF7 (1, N, ⇥ � 2) IV (⌦̄LdR)

TF8 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLL̄R)

TF9 (1, N ± 1, ⇥ � 1) IV (L̄RQL)

TF10 (3̄, N, ⇥ + 2
3 ) IV (dR ⌦̄L)

TF11 (3, N, ⇥ � 2
3 ) IV (d̄Ld̄L)

TF12

� 2
3

(3̄, N, ⇥ + 2
3 ) II (dRB), (dRWi), (dRg) dR

TF13 (3̄, N ± 1, ⇥ � 1
3 ) II (QLH̄) dR

TF14 (1, N, ⇥) III (BdR), (WidR) dR

TF15 (1, N ± 1, ⇥ + 1) III (H̄QL) dR

TF16 (3, N, ⇥ + 4
3 ) IV (ūLd̄L)

TF17 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RQ̄R)

TF18 (3̄, N, ⇥ � 4
3 ) IV (uR⌦R)

TF19 (1, N, ⇥ + 2) IV (⌦RuR)

TF20 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLLL)

TF21 (1, N ± 1, ⇥ + 1) IV (LLQL)

TF22 (3, N, ⇥ � 2
3 ) IV (d̄LūL)

TF23

� 8
3

(3, N, ⇥ + 4
3 ) IV (ūLūL)

TF24 (3̄, N, ⇥ + 2
3 ) IV (dR⌦R)

TF25 (1, N, ⇥ + 2) IV (⌦RdR)

TF26

(3, N ± 1,�)

7
3

(3̄, N, ⇥ � 4
3 ) II (uRH)

TF27 (1, N ± 1, ⇥ � 1) III (HuR)

TF28 (3̄, N, ⇥ � 4
3 ) IV (uRL̄R)

TF29 (1, N ± 1, ⇥ � 1) IV (L̄RuR)

TF30 (3̄, N ± 1, ⇥ � 1
3 ) IV (QL ⌦̄L)

TF31 (1, N, ⇥ � 2) IV (⌦̄LQL)

TF32

1
3

(3̄, N, ⇥ � 4
3 ) II (uRH̄) QL

TF33 (3̄, N, ⇥ + 2
3 ) II (dRH) QL

TF34 (3̄, N ± 1, ⇥ � 1
3 ) II (QLB), (QLWi), (QLg) QL

TF35 (1, N ± 1, ⇥ + 1) III (H̄uR) QL

TF36 (1, N ± 1, ⇥ � 1) III (HdR) QL

TF37 (1, N, ⇥) III (BQL), (WiQL) QL

TF38 (3̄, N, ⇥ � 4
3 ) IV (uRLL)

TF39 (1, N ± 1, ⇥ + 1) IV (LLuR)

TF40 3, N, ⇥ � 2
3 ) IV (d̄LQ̄R)

TF41 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄Rd̄L)

TF42

� 5
3

(3̄, N, ⇥ + 2
3 ) II (dRH̄)

TF43 (1, N ± 1, ⇥ + 1) III (H̄dR)

TF44 (3̄, N, ⇥ + 2
3 ) IV (dRLL)

TF45 (1, N ± 1, ⇥ + 1) IV (LLdR)

TF46 (3̄, N ± 1, ⇥ � 1
3 ) IV (QL⌦R)

TF47 (1, N, ⇥ + 2) IV (⌦RQL)

TF48 (3, N, ⇥ + 4
3 ) IV (ūLQ̄R)

TF49 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RūL)

TF52

(3, N ± 2,�)

4
3

(3̄, N ± 1, ⇥ � 1
3 ) II (QLH)

TF54 (1, N ± 1, ⇥ � 1) III (HQL)

TF55 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLL̄R)

TF56

� 2
3

(1, N ± 1, ⇥ � 1) IV (L̄RQL)

TF58 (3̄, N ± 1, ⇥ � 1
3 ) II (QLH̄)

TF60 (1, N ± 1, ⇥ + 1) III (H̄QL)

TF61 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLLL)

TF62 (1, N ± 1, ⇥ + 1) IV (LLQL)

TF63 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RQ̄R)

Table 6. Same as table 5, where X is a fundamental of SU(3).
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ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TO1

(8, N,�)

0

(3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TO2 (3̄, N, ⇥ � 4
3 ) IV (uRūL)

TO3 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L)

TO4
�2

(3̄, N, ⇥ + 2
3 ) IV (dRūL)

TO5 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TO6

(8, N ± 1,�) �1

(3̄, N, ⇥ + 2
3 ) IV (dRQ̄R)

TO7 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR)

TO8 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL)

TO9 (3, N, ⇥ + 4
3 ) IV (ūLQL)

TO10 (8, N ± 2,�) 0 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TE1

(6, N,�)

8
3 (3̄, N, ⇥ � 4

3 ) IV (uRuR)

TE2
2
3

(3̄, N ± 1, ⇥ � 1
3 ) IV (QLQL)

TE3 (3̄, N, ⇥ � 4
3 ) IV (uRdR)

TE4 (3̄, N, ⇥ + 2
3 ) IV (dRuR)

TE5 � 4
3 (3̄, N, ⇥ + 2

3 ) IV (dRdR)

TE6

(6, N ± 1,�)

5
3

(3̄, N, ⇥ � 4
3 ) IV (uRQL)

TE7 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLuR)

TE8
- 13

(3̄, N, ⇥ + 2
3 ) IV (dRQL)

TE9 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLdR)

TE10 (6, N ± 2,�) 2
3 (3̄, N ± 1, ⇥ � 1

3 ) IV (QLQL)

Table 7. Same as table 5, where X is an adjoint or an exotic of SU(3).
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ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
(1, 3, 0)N�2 B (QLQ̄R), (LLL̄R), (HH̄), (WiWi) B, Wi X

SU4 F (LLH)

SU5

�2

(1, 1,�2)
B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )

B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8

3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )

B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each
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ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
(1, 3, 0)N�2 B (QLQ̄R), (LLL̄R), (HH̄), (WiWi) B, Wi X

SU4 F (LLH)

SU5

�2

(1, 1,�2)
B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )

B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8

3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )

B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each
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s-channel Additional 
vertices

Mediator
spin

ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TU1

(1, N,�)

0

(1, N, ⇥) I (BB), (BWi), (WiB), (WiWi) B, WN�2
i

TU2 (1, N ± 1, ⇥ � 1) I (HH̄) B, WN�2
i

TU3 (1, N ± 1, ⇥ + 1) II (LLH)

TU4 (1, N ± 1, ⇥ � 1) III (HLL)

TU5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R) B, WN�2

i

TU6 (3̄, N, ⇥ � 4
3 ) IV (uRūL) B, WN�2

i

TU7 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L) B, WN�2

i

TU8 (1, N ± 1, ⇥ + 1) IV (LLL̄R) B, WN�2
i

TU9 (1, N, ⇥ + 2) IV (⌦R ⌦̄L) B, WN�2
i

TU10

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU11 (1, N, ⇥ + 2) II (⌦RB), (⌦RWi)
N�2 ⌦R

TU12 (1, N ± 1, ⇥ + 1) II (LLH̄) ⌦R

TU13 (1, N, ⇥) III (B⌦R), (Wi⌦R)N�2 ⌦R

TU14 (1, N ± 1, ⇥ + 1) III (H̄LL) ⌦R

TU15 (1, N ± 1, ⇥ + 1) IV (LLLL)

TU16 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TU17 (3̄, N, ⇥ + 2
3 ) IV (dRūL)

TU18 �4 (1, N, ⇥ + 2) IV (⌦R⌦R)

TU19

(1, N ± 1,�)

�1

(1, N, ⇥) I (BH̄), (WiH̄)N�2 H̄

TU20 (1, N ± 1, ⇥ + 1) I (H̄B), (H̄Wi) H̄

TU21 (1, N, ⇥ + 2) II (⌦RH) LL

TU22 (1, N ± 1, ⇥ + 1) II (LLB), (LLWi) LL

TU23 (1, N ± 1, ⇥ � 1) III (H⌦R) LL

TU24 (1, N, ⇥) III (BLL), (WiLL) LL

TU25 (1, N, ⇥ + 2) IV (⌦RL̄R) H̄

TU26 (1, N ± 1, ⇥ � 1) IV (L̄R⌦R) H̄

TU27 (3̄, N, ⇥ + 2
3 ) IV (dRQ̄R) H̄

TU28 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR) H̄

TU29 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL) H̄

TU30 (3, N, ⇥ + 4
3 ) IV (ūLQL) H̄

TU31
�3

(1, N ± 1, ⇥ + 1) IV (LL⌦R)

TU32 (1, N, ⇥ + 2) IV (⌦RLL)

TU33

(1, N ± 2,�)

0

(1, N ± 1, ⇥ � 1) I (HH̄)

TU34 (1, N ± 1, ⇥ + 1) II (LLH)

TU35 (1, N ± 1, ⇥ � 1) III (HLL)

TU36 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TU37 (1, N ± 1, ⇥ + 1) IV (LLL̄R)

TU38

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU39 (1, N ± 1, ⇥ + 1) II (LLH̄)

TU40 (1, N ± 1, ⇥ + 1) III (H̄LL)

Table 5. List of possible t-channel co-annihilation simplified models, with DM as (1, N,�) and X
is uncolored. We do not explicitly write the charge conjugate model, which exists if the SM1 SM2

pairing is self-conjugate.

2.2.3 Four Point Interactions

As discussed in Sec. 2.1, DM co-annihilation can also be mediated by a four-point inter-

action instead of the explicit s-channel and t-channel mediators discussed in the previous

subsections. From Fig. 1, we note that each DM X � SM1 SM2 process in the s-channel or

t-channel corresponds to a four-point interaction, which in principle can contribute to or

even dominate the co-annihilation cross section. FY: Revisit this argument when we

separate final state gauge boson co-annihilation models. Since we restrict ourselves
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ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TU1

(1, N,�)

0

(1, N, ⇥) I (BB), (BWi), (WiB), (WiWi) B, WN�2
i

TU2 (1, N ± 1, ⇥ � 1) I (HH̄) B, WN�2
i

TU3 (1, N ± 1, ⇥ + 1) II (LLH)

TU4 (1, N ± 1, ⇥ � 1) III (HLL)

TU5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R) B, WN�2

i

TU6 (3̄, N, ⇥ � 4
3 ) IV (uRūL) B, WN�2

i

TU7 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L) B, WN�2

i

TU8 (1, N ± 1, ⇥ + 1) IV (LLL̄R) B, WN�2
i

TU9 (1, N, ⇥ + 2) IV (⌦R ⌦̄L) B, WN�2
i

TU10

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU11 (1, N, ⇥ + 2) II (⌦RB), (⌦RWi)
N�2 ⌦R

TU12 (1, N ± 1, ⇥ + 1) II (LLH̄) ⌦R

TU13 (1, N, ⇥) III (B⌦R), (Wi⌦R)N�2 ⌦R

TU14 (1, N ± 1, ⇥ + 1) III (H̄LL) ⌦R

TU15 (1, N ± 1, ⇥ + 1) IV (LLLL)

TU16 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TU17 (3̄, N, ⇥ + 2
3 ) IV (dRūL)

TU18 �4 (1, N, ⇥ + 2) IV (⌦R⌦R)

TU19

(1, N ± 1,�)

�1

(1, N, ⇥) I (BH̄), (WiH̄)N�2 H̄

TU20 (1, N ± 1, ⇥ + 1) I (H̄B), (H̄Wi) H̄

TU21 (1, N, ⇥ + 2) II (⌦RH) LL

TU22 (1, N ± 1, ⇥ + 1) II (LLB), (LLWi) LL

TU23 (1, N ± 1, ⇥ � 1) III (H⌦R) LL

TU24 (1, N, ⇥) III (BLL), (WiLL) LL

TU25 (1, N, ⇥ + 2) IV (⌦RL̄R) H̄

TU26 (1, N ± 1, ⇥ � 1) IV (L̄R⌦R) H̄

TU27 (3̄, N, ⇥ + 2
3 ) IV (dRQ̄R) H̄

TU28 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR) H̄

TU29 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL) H̄

TU30 (3, N, ⇥ + 4
3 ) IV (ūLQL) H̄

TU31
�3

(1, N ± 1, ⇥ + 1) IV (LL⌦R)

TU32 (1, N, ⇥ + 2) IV (⌦RLL)

TU33

(1, N ± 2,�)

0

(1, N ± 1, ⇥ � 1) I (HH̄)

TU34 (1, N ± 1, ⇥ + 1) II (LLH)

TU35 (1, N ± 1, ⇥ � 1) III (HLL)

TU36 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TU37 (1, N ± 1, ⇥ + 1) IV (LLL̄R)

TU38

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU39 (1, N ± 1, ⇥ + 1) II (LLH̄)

TU40 (1, N ± 1, ⇥ + 1) III (H̄LL)

Table 5. List of possible t-channel co-annihilation simplified models, with DM as (1, N,�) and X
is uncolored. We do not explicitly write the charge conjugate model, which exists if the SM1 SM2

pairing is self-conjugate.

2.2.3 Four Point Interactions

As discussed in Sec. 2.1, DM co-annihilation can also be mediated by a four-point inter-

action instead of the explicit s-channel and t-channel mediators discussed in the previous

subsections. From Fig. 1, we note that each DM X � SM1 SM2 process in the s-channel or

t-channel corresponds to a four-point interaction, which in principle can contribute to or

even dominate the co-annihilation cross section. FY: Revisit this argument when we

separate final state gauge boson co-annihilation models. Since we restrict ourselves
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ID X � + ⇥ Ms Spin (SM1 SM2) Vertices

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (�R �̄L), (LLL̄R) DMXB DMXWN⇥2
i

(HH̄), (BB), (WiWi), (gg)H?[s1] MXX�=0, MX̄X̄�=0, MXX̄

SU2 F (LLH)

SU3
(1, 3, 0)N⇥2 B (QLQ̄R), (LLL̄R), (HH̄), (BWi), (WiWi) DMXB, DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU4 F (LLH)

SU5 (1, 5, 0)N⇥3 B (WiWi) DMXB, DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU6

�2

(1, 1,�2)
F (LLH̄), (�RB) DMX�R

SU7 B (dRūL), (H̄H̄) MXX�=�1, MX̄X̄�=1

SU8
(1, 3,�2)N⇥2 F (LLH̄), (�RWi) DMX�R

SU9 B (H̄H̄), (LLLL) MXX�=�1, MX̄X̄�=1

SU10 �4 (1, 1,�4) B (�R�R) MXX�=�2, MX̄X̄�=2

SU11

(1, N ± 1,�)

�1

(1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R�R), (H̄B), (H̄Wi) DMXH̄

SU12 F (�RH), (LLB), (LLWi) DMXLL

SU13
(1, 4,�1)N⇥2 B (H̄Wi) DMXH̄

SU14 F (LLWi) DMXLL

SU15
�3 (1, 2,�3)

F (�RH̄)

SU16 B (LL�R)

SU17

(1, N ± 2,�)

0
(1, 3, 0)

B (LLL̄R), (QLQ̄R), (HH̄), (BWi), (WiWi) DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU18 F (LLH)

SU19 (1, 5, 0)N⇥2 B (WiWi) DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU20
�2 (1, 3,�2)

F (LLH̄), (�RWi)

SU21 B (H̄H̄), (LLLL) MXX�=�1, MX̄X̄�=1

SU22
(1, N ± 3,�) �1 (1, 4,�1)

B (H̄Wi)

SU23 F (LLWi)

SU24 (1, N ± 4,�) 0 (1, 5, 0) B (WiWi) MXX�=0, MX̄X̄�=0, MXX̄

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology. For the SU(3) singlet X, whenever there is the vertex MXX
there is also the equivalent MDMDM vertex with ⇥ = �.
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X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

II

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

III

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

IV

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

Figure 2. Di�erent spin assignments for the t-channel processes. The dashed lines represent bosons
(scalars and vectors, whereas the solid lines represent fermions (either Dirac or Majorana).
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t-channel DM-X-SM3

4 spin assignments

10



SF11:  chosen one! (for LHC pheno study later)

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
(1, 3, 0)N�2 B (QLQ̄R), (LLL̄R), (HH̄), (WiWi) B, Wi X

SU4 F (LLH)

SU5

�2

(1, 1,�2)
B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )

B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8

3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )

B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each
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ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
(1, 3, 0)N�2 B (QLQ̄R), (LLL̄R), (HH̄), (WiWi) B, Wi X

SU4 F (LLH)

SU5

�2

(1, 1,�2)
B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )

B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8

3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )

B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each
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s-channel Additional 
vertices

Mediator
spin

ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TU1

(1, N,�)

0

(1, N, ⇥) I (BB), (BWi), (WiB), (WiWi) B, WN�2
i

TU2 (1, N ± 1, ⇥ � 1) I (HH̄) B, WN�2
i

TU3 (1, N ± 1, ⇥ + 1) II (LLH)

TU4 (1, N ± 1, ⇥ � 1) III (HLL)

TU5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R) B, WN�2

i

TU6 (3̄, N, ⇥ � 4
3 ) IV (uRūL) B, WN�2

i

TU7 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L) B, WN�2

i

TU8 (1, N ± 1, ⇥ + 1) IV (LLL̄R) B, WN�2
i

TU9 (1, N, ⇥ + 2) IV (⌦R ⌦̄L) B, WN�2
i

TU10

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU11 (1, N, ⇥ + 2) II (⌦RB), (⌦RWi)
N�2 ⌦R

TU12 (1, N ± 1, ⇥ + 1) II (LLH̄) ⌦R

TU13 (1, N, ⇥) III (B⌦R), (Wi⌦R)N�2 ⌦R

TU14 (1, N ± 1, ⇥ + 1) III (H̄LL) ⌦R

TU15 (1, N ± 1, ⇥ + 1) IV (LLLL)

TU16 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TU17 (3̄, N, ⇥ + 2
3 ) IV (dRūL)

TU18 �4 (1, N, ⇥ + 2) IV (⌦R⌦R)

TU19

(1, N ± 1,�)

�1

(1, N, ⇥) I (BH̄), (WiH̄)N�2 H̄

TU20 (1, N ± 1, ⇥ + 1) I (H̄B), (H̄Wi) H̄

TU21 (1, N, ⇥ + 2) II (⌦RH) LL

TU22 (1, N ± 1, ⇥ + 1) II (LLB), (LLWi) LL

TU23 (1, N ± 1, ⇥ � 1) III (H⌦R) LL

TU24 (1, N, ⇥) III (BLL), (WiLL) LL

TU25 (1, N, ⇥ + 2) IV (⌦RL̄R) H̄

TU26 (1, N ± 1, ⇥ � 1) IV (L̄R⌦R) H̄

TU27 (3̄, N, ⇥ + 2
3 ) IV (dRQ̄R) H̄

TU28 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR) H̄

TU29 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL) H̄

TU30 (3, N, ⇥ + 4
3 ) IV (ūLQL) H̄

TU31
�3

(1, N ± 1, ⇥ + 1) IV (LL⌦R)

TU32 (1, N, ⇥ + 2) IV (⌦RLL)

TU33

(1, N ± 2,�)

0

(1, N ± 1, ⇥ � 1) I (HH̄)

TU34 (1, N ± 1, ⇥ + 1) II (LLH)

TU35 (1, N ± 1, ⇥ � 1) III (HLL)

TU36 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TU37 (1, N ± 1, ⇥ + 1) IV (LLL̄R)

TU38

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU39 (1, N ± 1, ⇥ + 1) II (LLH̄)

TU40 (1, N ± 1, ⇥ + 1) III (H̄LL)

Table 5. List of possible t-channel co-annihilation simplified models, with DM as (1, N,�) and X
is uncolored. We do not explicitly write the charge conjugate model, which exists if the SM1 SM2

pairing is self-conjugate.

2.2.3 Four Point Interactions

As discussed in Sec. 2.1, DM co-annihilation can also be mediated by a four-point inter-

action instead of the explicit s-channel and t-channel mediators discussed in the previous

subsections. From Fig. 1, we note that each DM X � SM1 SM2 process in the s-channel or

t-channel corresponds to a four-point interaction, which in principle can contribute to or

even dominate the co-annihilation cross section. FY: Revisit this argument when we

separate final state gauge boson co-annihilation models. Since we restrict ourselves
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ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TU1

(1, N,�)

0

(1, N, ⇥) I (BB), (BWi), (WiB), (WiWi) B, WN�2
i

TU2 (1, N ± 1, ⇥ � 1) I (HH̄) B, WN�2
i

TU3 (1, N ± 1, ⇥ + 1) II (LLH)

TU4 (1, N ± 1, ⇥ � 1) III (HLL)

TU5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R) B, WN�2

i

TU6 (3̄, N, ⇥ � 4
3 ) IV (uRūL) B, WN�2

i

TU7 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L) B, WN�2

i

TU8 (1, N ± 1, ⇥ + 1) IV (LLL̄R) B, WN�2
i

TU9 (1, N, ⇥ + 2) IV (⌦R ⌦̄L) B, WN�2
i

TU10

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU11 (1, N, ⇥ + 2) II (⌦RB), (⌦RWi)
N�2 ⌦R

TU12 (1, N ± 1, ⇥ + 1) II (LLH̄) ⌦R

TU13 (1, N, ⇥) III (B⌦R), (Wi⌦R)N�2 ⌦R

TU14 (1, N ± 1, ⇥ + 1) III (H̄LL) ⌦R

TU15 (1, N ± 1, ⇥ + 1) IV (LLLL)

TU16 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TU17 (3̄, N, ⇥ + 2
3 ) IV (dRūL)

TU18 �4 (1, N, ⇥ + 2) IV (⌦R⌦R)

TU19

(1, N ± 1,�)

�1

(1, N, ⇥) I (BH̄), (WiH̄)N�2 H̄

TU20 (1, N ± 1, ⇥ + 1) I (H̄B), (H̄Wi) H̄

TU21 (1, N, ⇥ + 2) II (⌦RH) LL

TU22 (1, N ± 1, ⇥ + 1) II (LLB), (LLWi) LL

TU23 (1, N ± 1, ⇥ � 1) III (H⌦R) LL

TU24 (1, N, ⇥) III (BLL), (WiLL) LL

TU25 (1, N, ⇥ + 2) IV (⌦RL̄R) H̄

TU26 (1, N ± 1, ⇥ � 1) IV (L̄R⌦R) H̄

TU27 (3̄, N, ⇥ + 2
3 ) IV (dRQ̄R) H̄

TU28 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR) H̄

TU29 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL) H̄

TU30 (3, N, ⇥ + 4
3 ) IV (ūLQL) H̄

TU31
�3

(1, N ± 1, ⇥ + 1) IV (LL⌦R)

TU32 (1, N, ⇥ + 2) IV (⌦RLL)

TU33

(1, N ± 2,�)

0

(1, N ± 1, ⇥ � 1) I (HH̄)

TU34 (1, N ± 1, ⇥ + 1) II (LLH)

TU35 (1, N ± 1, ⇥ � 1) III (HLL)

TU36 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TU37 (1, N ± 1, ⇥ + 1) IV (LLL̄R)

TU38

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU39 (1, N ± 1, ⇥ + 1) II (LLH̄)

TU40 (1, N ± 1, ⇥ + 1) III (H̄LL)

Table 5. List of possible t-channel co-annihilation simplified models, with DM as (1, N,�) and X
is uncolored. We do not explicitly write the charge conjugate model, which exists if the SM1 SM2

pairing is self-conjugate.

2.2.3 Four Point Interactions

As discussed in Sec. 2.1, DM co-annihilation can also be mediated by a four-point inter-

action instead of the explicit s-channel and t-channel mediators discussed in the previous

subsections. From Fig. 1, we note that each DM X � SM1 SM2 process in the s-channel or

t-channel corresponds to a four-point interaction, which in principle can contribute to or

even dominate the co-annihilation cross section. FY: Revisit this argument when we

separate final state gauge boson co-annihilation models. Since we restrict ourselves
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ID X � + ⇥ Ms Spin (SM1 SM2) Vertices

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (�R �̄L), (LLL̄R) DMXB DMXWN⇥2
i

(HH̄), (BB), (WiWi), (gg)H?[s1] MXX�=0, MX̄X̄�=0, MXX̄

SU2 F (LLH)

SU3
(1, 3, 0)N⇥2 B (QLQ̄R), (LLL̄R), (HH̄), (BWi), (WiWi) DMXB, DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU4 F (LLH)

SU5 (1, 5, 0)N⇥3 B (WiWi) DMXB, DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU6

�2

(1, 1,�2)
F (LLH̄), (�RB) DMX�R

SU7 B (dRūL), (H̄H̄) MXX�=�1, MX̄X̄�=1

SU8
(1, 3,�2)N⇥2 F (LLH̄), (�RWi) DMX�R

SU9 B (H̄H̄), (LLLL) MXX�=�1, MX̄X̄�=1

SU10 �4 (1, 1,�4) B (�R�R) MXX�=�2, MX̄X̄�=2

SU11

(1, N ± 1,�)

�1

(1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R�R), (H̄B), (H̄Wi) DMXH̄

SU12 F (�RH), (LLB), (LLWi) DMXLL

SU13
(1, 4,�1)N⇥2 B (H̄Wi) DMXH̄

SU14 F (LLWi) DMXLL

SU15
�3 (1, 2,�3)

F (�RH̄)

SU16 B (LL�R)

SU17

(1, N ± 2,�)

0
(1, 3, 0)

B (LLL̄R), (QLQ̄R), (HH̄), (BWi), (WiWi) DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU18 F (LLH)

SU19 (1, 5, 0)N⇥2 B (WiWi) DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU20
�2 (1, 3,�2)

F (LLH̄), (�RWi)

SU21 B (H̄H̄), (LLLL) MXX�=�1, MX̄X̄�=1

SU22
(1, N ± 3,�) �1 (1, 4,�1)

B (H̄Wi)

SU23 F (LLWi)

SU24 (1, N ± 4,�) 0 (1, 5, 0) B (WiWi) MXX�=0, MX̄X̄�=0, MXX̄

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology. For the SU(3) singlet X, whenever there is the vertex MXX
there is also the equivalent MDMDM vertex with ⇥ = �.

I

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

II

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

III

X

DM

SM2

SM1

Mt

X
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SM2

SM1

Mt

IV

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1
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X

DM
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SM1

Mt

Figure 2. Di�erent spin assignments for the t-channel processes. The dashed lines represent bosons
(scalars and vectors, whereas the solid lines represent fermions (either Dirac or Majorana).
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SF11:  chosen one! (for LHC pheno study later)

TU36, N=1, spin IV (left): bino, wino, squark.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
(1, 3, 0)N�2 B (QLQ̄R), (LLL̄R), (HH̄), (WiWi) B, Wi X

SU4 F (LLH)

SU5

�2

(1, 1,�2)
B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )

B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8

3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )

B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each
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ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
(1, 3, 0)N�2 B (QLQ̄R), (LLL̄R), (HH̄), (WiWi) B, Wi X

SU4 F (LLH)

SU5

�2

(1, 1,�2)
B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )

B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8

3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )

B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each
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s-channel Additional 
vertices

Mediator
spin

ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TU1

(1, N,�)

0

(1, N, ⇥) I (BB), (BWi), (WiB), (WiWi) B, WN�2
i

TU2 (1, N ± 1, ⇥ � 1) I (HH̄) B, WN�2
i

TU3 (1, N ± 1, ⇥ + 1) II (LLH)

TU4 (1, N ± 1, ⇥ � 1) III (HLL)

TU5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R) B, WN�2

i

TU6 (3̄, N, ⇥ � 4
3 ) IV (uRūL) B, WN�2

i

TU7 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L) B, WN�2

i

TU8 (1, N ± 1, ⇥ + 1) IV (LLL̄R) B, WN�2
i

TU9 (1, N, ⇥ + 2) IV (⌦R ⌦̄L) B, WN�2
i

TU10

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU11 (1, N, ⇥ + 2) II (⌦RB), (⌦RWi)
N�2 ⌦R

TU12 (1, N ± 1, ⇥ + 1) II (LLH̄) ⌦R

TU13 (1, N, ⇥) III (B⌦R), (Wi⌦R)N�2 ⌦R

TU14 (1, N ± 1, ⇥ + 1) III (H̄LL) ⌦R

TU15 (1, N ± 1, ⇥ + 1) IV (LLLL)

TU16 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TU17 (3̄, N, ⇥ + 2
3 ) IV (dRūL)

TU18 �4 (1, N, ⇥ + 2) IV (⌦R⌦R)

TU19

(1, N ± 1,�)

�1

(1, N, ⇥) I (BH̄), (WiH̄)N�2 H̄

TU20 (1, N ± 1, ⇥ + 1) I (H̄B), (H̄Wi) H̄

TU21 (1, N, ⇥ + 2) II (⌦RH) LL

TU22 (1, N ± 1, ⇥ + 1) II (LLB), (LLWi) LL

TU23 (1, N ± 1, ⇥ � 1) III (H⌦R) LL

TU24 (1, N, ⇥) III (BLL), (WiLL) LL

TU25 (1, N, ⇥ + 2) IV (⌦RL̄R) H̄

TU26 (1, N ± 1, ⇥ � 1) IV (L̄R⌦R) H̄

TU27 (3̄, N, ⇥ + 2
3 ) IV (dRQ̄R) H̄

TU28 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR) H̄

TU29 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL) H̄

TU30 (3, N, ⇥ + 4
3 ) IV (ūLQL) H̄

TU31
�3

(1, N ± 1, ⇥ + 1) IV (LL⌦R)

TU32 (1, N, ⇥ + 2) IV (⌦RLL)

TU33

(1, N ± 2,�)

0

(1, N ± 1, ⇥ � 1) I (HH̄)

TU34 (1, N ± 1, ⇥ + 1) II (LLH)

TU35 (1, N ± 1, ⇥ � 1) III (HLL)

TU36 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TU37 (1, N ± 1, ⇥ + 1) IV (LLL̄R)

TU38

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU39 (1, N ± 1, ⇥ + 1) II (LLH̄)

TU40 (1, N ± 1, ⇥ + 1) III (H̄LL)

Table 5. List of possible t-channel co-annihilation simplified models, with DM as (1, N,�) and X
is uncolored. We do not explicitly write the charge conjugate model, which exists if the SM1 SM2

pairing is self-conjugate.

2.2.3 Four Point Interactions

As discussed in Sec. 2.1, DM co-annihilation can also be mediated by a four-point inter-

action instead of the explicit s-channel and t-channel mediators discussed in the previous

subsections. From Fig. 1, we note that each DM X � SM1 SM2 process in the s-channel or

t-channel corresponds to a four-point interaction, which in principle can contribute to or

even dominate the co-annihilation cross section. FY: Revisit this argument when we

separate final state gauge boson co-annihilation models. Since we restrict ourselves
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ID X � + ⇥ Mt Spin (SM1 SM2) SM3

TU1

(1, N,�)

0

(1, N, ⇥) I (BB), (BWi), (WiB), (WiWi) B, WN�2
i

TU2 (1, N ± 1, ⇥ � 1) I (HH̄) B, WN�2
i

TU3 (1, N ± 1, ⇥ + 1) II (LLH)

TU4 (1, N ± 1, ⇥ � 1) III (HLL)

TU5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R) B, WN�2

i

TU6 (3̄, N, ⇥ � 4
3 ) IV (uRūL) B, WN�2

i

TU7 (3̄, N, ⇥ + 2
3 ) IV (dRd̄L) B, WN�2

i

TU8 (1, N ± 1, ⇥ + 1) IV (LLL̄R) B, WN�2
i

TU9 (1, N, ⇥ + 2) IV (⌦R ⌦̄L) B, WN�2
i

TU10

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU11 (1, N, ⇥ + 2) II (⌦RB), (⌦RWi)
N�2 ⌦R

TU12 (1, N ± 1, ⇥ + 1) II (LLH̄) ⌦R

TU13 (1, N, ⇥) III (B⌦R), (Wi⌦R)N�2 ⌦R

TU14 (1, N ± 1, ⇥ + 1) III (H̄LL) ⌦R

TU15 (1, N ± 1, ⇥ + 1) IV (LLLL)

TU16 (3, N, ⇥ + 4
3 ) IV (ūLdR)

TU17 (3̄, N, ⇥ + 2
3 ) IV (dRūL)

TU18 �4 (1, N, ⇥ + 2) IV (⌦R⌦R)

TU19

(1, N ± 1,�)

�1

(1, N, ⇥) I (BH̄), (WiH̄)N�2 H̄

TU20 (1, N ± 1, ⇥ + 1) I (H̄B), (H̄Wi) H̄

TU21 (1, N, ⇥ + 2) II (⌦RH) LL

TU22 (1, N ± 1, ⇥ + 1) II (LLB), (LLWi) LL

TU23 (1, N ± 1, ⇥ � 1) III (H⌦R) LL

TU24 (1, N, ⇥) III (BLL), (WiLL) LL

TU25 (1, N, ⇥ + 2) IV (⌦RL̄R) H̄

TU26 (1, N ± 1, ⇥ � 1) IV (L̄R⌦R) H̄

TU27 (3̄, N, ⇥ + 2
3 ) IV (dRQ̄R) H̄

TU28 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RdR) H̄

TU29 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLūL) H̄

TU30 (3, N, ⇥ + 4
3 ) IV (ūLQL) H̄

TU31
�3

(1, N ± 1, ⇥ + 1) IV (LL⌦R)

TU32 (1, N, ⇥ + 2) IV (⌦RLL)

TU33

(1, N ± 2,�)

0

(1, N ± 1, ⇥ � 1) I (HH̄)

TU34 (1, N ± 1, ⇥ + 1) II (LLH)

TU35 (1, N ± 1, ⇥ � 1) III (HLL)

TU36 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLQ̄R)

TU37 (1, N ± 1, ⇥ + 1) IV (LLL̄R)

TU38

�2

(1, N ± 1, ⇥ + 1) I (H̄H̄)

TU39 (1, N ± 1, ⇥ + 1) II (LLH̄)

TU40 (1, N ± 1, ⇥ + 1) III (H̄LL)

Table 5. List of possible t-channel co-annihilation simplified models, with DM as (1, N,�) and X
is uncolored. We do not explicitly write the charge conjugate model, which exists if the SM1 SM2

pairing is self-conjugate.

2.2.3 Four Point Interactions

As discussed in Sec. 2.1, DM co-annihilation can also be mediated by a four-point inter-

action instead of the explicit s-channel and t-channel mediators discussed in the previous

subsections. From Fig. 1, we note that each DM X � SM1 SM2 process in the s-channel or

t-channel corresponds to a four-point interaction, which in principle can contribute to or

even dominate the co-annihilation cross section. FY: Revisit this argument when we

separate final state gauge boson co-annihilation models. Since we restrict ourselves
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ID X � + ⇥ Ms Spin (SM1 SM2) Vertices

SU1

(1, N,�)

0

(1, 1, 0)
B

(uRūL), (dRd̄L), (QLQ̄R), (�R �̄L), (LLL̄R) DMXB DMXWN⇥2
i

(HH̄), (BB), (WiWi), (gg)H?[s1] MXX�=0, MX̄X̄�=0, MXX̄

SU2 F (LLH)

SU3
(1, 3, 0)N⇥2 B (QLQ̄R), (LLL̄R), (HH̄), (BWi), (WiWi) DMXB, DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU4 F (LLH)

SU5 (1, 5, 0)N⇥3 B (WiWi) DMXB, DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU6

�2

(1, 1,�2)
F (LLH̄), (�RB) DMX�R

SU7 B (dRūL), (H̄H̄) MXX�=�1, MX̄X̄�=1

SU8
(1, 3,�2)N⇥2 F (LLH̄), (�RWi) DMX�R

SU9 B (H̄H̄), (LLLL) MXX�=�1, MX̄X̄�=1

SU10 �4 (1, 1,�4) B (�R�R) MXX�=�2, MX̄X̄�=2

SU11

(1, N ± 1,�)

�1

(1, 2,�1)
B (dRQ̄R), (ūLQL), (L̄R�R), (H̄B), (H̄Wi) DMXH̄

SU12 F (�RH), (LLB), (LLWi) DMXLL

SU13
(1, 4,�1)N⇥2 B (H̄Wi) DMXH̄

SU14 F (LLWi) DMXLL

SU15
�3 (1, 2,�3)

F (�RH̄)

SU16 B (LL�R)

SU17

(1, N ± 2,�)

0
(1, 3, 0)

B (LLL̄R), (QLQ̄R), (HH̄), (BWi), (WiWi) DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU18 F (LLH)

SU19 (1, 5, 0)N⇥2 B (WiWi) DMXWi, MXX�=0, MX̄X̄�=0, MXX̄

SU20
�2 (1, 3,�2)

F (LLH̄), (�RWi)

SU21 B (H̄H̄), (LLLL) MXX�=�1, MX̄X̄�=1

SU22
(1, N ± 3,�) �1 (1, 4,�1)

B (H̄Wi)

SU23 F (LLWi)

SU24 (1, N ± 4,�) 0 (1, 5, 0) B (WiWi) MXX�=0, MX̄X̄�=0, MXX̄

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology. For the SU(3) singlet X, whenever there is the vertex MXX
there is also the equivalent MDMDM vertex with ⇥ = �.
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SM1

Mt

X
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Mt

X
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SM1

Mt

II

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

III

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

IV

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

X

DM

SM2

SM1

Mt

Figure 2. Di�erent spin assignments for the t-channel processes. The dashed lines represent bosons
(scalars and vectors, whereas the solid lines represent fermions (either Dirac or Majorana).
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t-channel DM-X-SM3

4 spin assignments
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EW Symmetry Breaking
1- O(100 MeV) splitting among components due to EW bosons loops.

Thomas, Wells, hep-ph/9804359, Cirelli, Formengo, Strumia, hep-ph/0512090

2 - Higgs vevs insertions give: 

a) mass mixing 

b) New X’, M’ options differing from X,M by Higgs quantum numbers 

SU2: DM=(1,N,β), X=(1,N,-β), Ms=(1,1,0), SM1=LL ,SM2=H.

Ms

LL

H

SU9: DM=(1,N,β), X=(1,N,-β-4), Ms=(1,1,-4), SM1=SM2=lR .

DM

lR

lRMs

DM

X

Ms LL

W, Z, h

l, ν, ν

X

X’ = (1,N±1,-β-3)

M’s=(1,2,-3)

lR

lR DM

X
lR

lRMs

{
{



Cosmology and 

Astroparticle Physics

12



Direct detection

13

1. Z-exchange: force DM with T3=Y=0?

• Certainly not! Many ways out: 

• Add DM and choose parameters to kill Z-current (i.e: sin(β-α) in MSSM).

• DM can be below the detection threshold (light DM).

• If DM is a fermion choose it Majorana.

• …

2. DD rate is highly model dependent

• Very hard to make robust statements. Check case-by case!

3. iDM included in our classification.

• Complete list of upscatterers!



Indirect detection

14

1. If additional M-DM-DM vertex is present:

A. N=1: model dependence (i.e Higgs couplings).

B. N > 1: well studied in WIMP literature.

2. Without new interactions (behind CA diagram)

• s-channel:  
 
 

• t-channel:

DM

DM

X

MS

MS

SM1

SM2

SM1

SM2
DM

DM

X

MS

MS

SM1,2

SM1,2

SM2,1+

Mt

DM

DM SM1

SM1

Loop suppressed annihilation into SM pairs.Annihilation into 4 SM particles

Tree level decay only into SM1 pairs.



Collider 

Phenomenology 

15



Production (s-channel)

I) Pair production via kinetic terms + coannihilation diagram (and related)

2) Single mediator production 
     

3) Ms + SM particle in association
     

We emphasize that our characterization is truly complete and based on minimal assump-

tions. In other words, given our assumptions, the dark matter field content of Nature is

guaranteed to belong to at least one of the simplified models we have written. This lends

additional impetus to the robust nature of our framework.

X

DM

SM2

SM1

X

DM

SM2

SM1

Ms

X

DM

SM2

SM1

Mt

Figure 1. Co-annihilation channels: (1) general process of DM, X ⌅ SM1 SM2 (2) s-channel (3)
t-channel. The arrows on the external and internal lines denote the flow of charge under the SM
gauge groups. FY: Should we add the four-point vertex here? Should we comment on
the Lorentz interpretation of the lines?

For concreteness, we fix the gauge representations of SM fields in Tab. 1, with the elec-

tromagnetic (EM) charge defined by Q ⇥ T3 + 1
2Y . Then, by the procedure specified

above, each choice of SM1, SM2, and DM ⇤ (1, N,�) leads to an explicit choice of (co-

)annihilating particle X and, usually, several possibilities for Ms or Mt, the s-channel or

t-channel mediator, respectively.

field charges field charges

QL (3, 2, 1
3 ) LL (1, 2,�1)

uR (3, 1, 4
3 ) `R (1, 1,�2)

dR (3, 1,� 2
3 )

Q̄R (3̄, 2,� 1
3 ) L̄R (1, 2, 1)

ūL (3̄, 1,� 4
3 )

¯̀
L (1, 1, 2)

d̄L (3̄, 1, 2
3 )

H (1, 2, 1) H̄ (1, 2,�1)

g (8, 1, 0) Wi (1, 3, 0)

B (1, 1, 0)

Table 1. Standard Model fields with SU(3) � SU(2)L � U(1)Y charges specified. The electric
charge is defined as Q = T3 +

1
2Y . Note that we do not consider the right-handed neutrinos to be

present in the Standard Model2.

To finalize the simplified model, we specify the spin assignment of each new field: DM, X,

and Ms or Mt. We note that multiple spin assignments are possible for each set of gauge

quantum numbers, largely having to do with the binary choice of spin-0 scalars or spin-1

vectors coupled to fermion currents and the choice of fermion flow through the mediator.

We do not include possible spin representations higher than spin-1. Clearly, the choice

2Since our goal is to study dark matter interactions that may have phenomenological consequences, we

define the SM sector to consist only of experimentally detectable particles. If right-handed neutrinos exist

in a given model, we treat them as part of the dark sector.

– 4 –

�i = (DM,X) are Z2-odd, Ms is Z2-even.

L � g1SM1 SM2 Ms + g2DM X Ms + g3SM3 DM X

+ gXM X X+ gDMM DM DM+ Lkin

g2w,s +
g1g2

+ + . . .
g1gX

M M

DM X

XX

SM1 SM1

SM2
SM2

SM1

SM2

M

g1

SM1

MW,Z
SM2

M

SM1

SMB

SMA

g1gSM
M

SM2

g1gw+ + . . .
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Production (t-channel)
We emphasize that our characterization is truly complete and based on minimal assump-

tions. In other words, given our assumptions, the dark matter field content of Nature is

guaranteed to belong to at least one of the simplified models we have written. This lends

additional impetus to the robust nature of our framework.

X

DM

SM2

SM1

X

DM

SM2

SM1

Ms

X

DM

SM2

SM1

Mt

Figure 1. Co-annihilation channels: (1) general process of DM, X ⌅ SM1 SM2 (2) s-channel (3)
t-channel. The arrows on the external and internal lines denote the flow of charge under the SM
gauge groups. FY: Should we add the four-point vertex here? Should we comment on
the Lorentz interpretation of the lines?

For concreteness, we fix the gauge representations of SM fields in Tab. 1, with the elec-

tromagnetic (EM) charge defined by Q ⇥ T3 + 1
2Y . Then, by the procedure specified

above, each choice of SM1, SM2, and DM ⇤ (1, N,�) leads to an explicit choice of (co-

)annihilating particle X and, usually, several possibilities for Ms or Mt, the s-channel or

t-channel mediator, respectively.

field charges field charges

QL (3, 2, 1
3 ) LL (1, 2,�1)

uR (3, 1, 4
3 ) `R (1, 1,�2)

dR (3, 1,� 2
3 )

Q̄R (3̄, 2,� 1
3 ) L̄R (1, 2, 1)

ūL (3̄, 1,� 4
3 )

¯̀
L (1, 1, 2)

d̄L (3̄, 1, 2
3 )

H (1, 2, 1) H̄ (1, 2,�1)

g (8, 1, 0) Wi (1, 3, 0)

B (1, 1, 0)

Table 1. Standard Model fields with SU(3) � SU(2)L � U(1)Y charges specified. The electric
charge is defined as Q = T3 +

1
2Y . Note that we do not consider the right-handed neutrinos to be

present in the Standard Model2.

To finalize the simplified model, we specify the spin assignment of each new field: DM, X,

and Ms or Mt. We note that multiple spin assignments are possible for each set of gauge

quantum numbers, largely having to do with the binary choice of spin-0 scalars or spin-1

vectors coupled to fermion currents and the choice of fermion flow through the mediator.

We do not include possible spin representations higher than spin-1. Clearly, the choice

2Since our goal is to study dark matter interactions that may have phenomenological consequences, we

define the SM sector to consist only of experimentally detectable particles. If right-handed neutrinos exist

in a given model, we treat them as part of the dark sector.

– 4 –

L � g1SM1 DM Mt + g2SM2 X Mt + g3SM3 DM X+ Lkin

�i = (DM,X,Mt)are Z2-odd.

Pair production 

•          production via kinetic terms + coannihilation diagram (recycled!)
•          production via SMj in the s-channel [gj]

�i �j

i = j

i 6= j

g21 g22 gjgw

+
SM1

SMB

SMA

M

DM

g1gSM

(loop over SMi)

+

For LHC phenomenology is important to determine if SM1,2 “belong” to the proton.

Naively: quarks, gluons and, to some extent, W,Z and photons do. 

Higgs has a smallish XS (versus W,Z) and leptons come from O(10%) decays of W,Z.
17



Decays (s-channel)
We emphasize that our characterization is truly complete and based on minimal assump-

tions. In other words, given our assumptions, the dark matter field content of Nature is

guaranteed to belong to at least one of the simplified models we have written. This lends

additional impetus to the robust nature of our framework.

X

DM

SM2

SM1

X

DM

SM2

SM1

Ms

X

DM

SM2

SM1

Mt

Figure 1. Co-annihilation channels: (1) general process of DM, X ⌅ SM1 SM2 (2) s-channel (3)
t-channel. The arrows on the external and internal lines denote the flow of charge under the SM
gauge groups. FY: Should we add the four-point vertex here? Should we comment on
the Lorentz interpretation of the lines?

For concreteness, we fix the gauge representations of SM fields in Tab. 1, with the elec-

tromagnetic (EM) charge defined by Q ⇥ T3 + 1
2Y . Then, by the procedure specified

above, each choice of SM1, SM2, and DM ⇤ (1, N,�) leads to an explicit choice of (co-

)annihilating particle X and, usually, several possibilities for Ms or Mt, the s-channel or

t-channel mediator, respectively.

field charges field charges

QL (3, 2, 1
3 ) LL (1, 2,�1)

uR (3, 1, 4
3 ) `R (1, 1,�2)

dR (3, 1,� 2
3 )

Q̄R (3̄, 2,� 1
3 ) L̄R (1, 2, 1)

ūL (3̄, 1,� 4
3 )

¯̀
L (1, 1, 2)

d̄L (3̄, 1, 2
3 )

H (1, 2, 1) H̄ (1, 2,�1)

g (8, 1, 0) Wi (1, 3, 0)

B (1, 1, 0)

Table 1. Standard Model fields with SU(3) � SU(2)L � U(1)Y charges specified. The electric
charge is defined as Q = T3 +

1
2Y . Note that we do not consider the right-handed neutrinos to be

present in the Standard Model2.

To finalize the simplified model, we specify the spin assignment of each new field: DM, X,

and Ms or Mt. We note that multiple spin assignments are possible for each set of gauge

quantum numbers, largely having to do with the binary choice of spin-0 scalars or spin-1

vectors coupled to fermion currents and the choice of fermion flow through the mediator.

We do not include possible spin representations higher than spin-1. Clearly, the choice

2Since our goal is to study dark matter interactions that may have phenomenological consequences, we

define the SM sector to consist only of experimentally detectable particles. If right-handed neutrinos exist

in a given model, we treat them as part of the dark sector.

– 4 –

�i = (DM,X) are Z2-odd, M is Z2-even

L � g1SM1 SM2 Ms + g2DM X Ms + g3SM3 DM X

+ gXM X X+ gDMM DM DM+ Lkin

X always decays to                 .
Compressed spectra (ongoing efforts)

6ET + SM
soft

gDM gX

DM

M

DM

X

M

X

+ 2 DM+ SM1,2,3(soft)

Mediator: + XM

DM

DM

M

SM1

SM2
SM1

SM2

g1

M } hard /
resonant } missing

energy

“soft”}
g2

or SM3

g3

XX:
g2

“soft”}
DM

M

SM1

SM2

6ET +
SM3

DM

X “soft”
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Decays (t-channel)
We emphasize that our characterization is truly complete and based on minimal assump-

tions. In other words, given our assumptions, the dark matter field content of Nature is

guaranteed to belong to at least one of the simplified models we have written. This lends

additional impetus to the robust nature of our framework.

X

DM

SM2

SM1

X

DM

SM2

SM1

Ms

X

DM

SM2

SM1

Mt

Figure 1. Co-annihilation channels: (1) general process of DM, X ⌅ SM1 SM2 (2) s-channel (3)
t-channel. The arrows on the external and internal lines denote the flow of charge under the SM
gauge groups. FY: Should we add the four-point vertex here? Should we comment on
the Lorentz interpretation of the lines?

For concreteness, we fix the gauge representations of SM fields in Tab. 1, with the elec-

tromagnetic (EM) charge defined by Q ⇥ T3 + 1
2Y . Then, by the procedure specified

above, each choice of SM1, SM2, and DM ⇤ (1, N,�) leads to an explicit choice of (co-

)annihilating particle X and, usually, several possibilities for Ms or Mt, the s-channel or

t-channel mediator, respectively.

field charges field charges

QL (3, 2, 1
3 ) LL (1, 2,�1)

uR (3, 1, 4
3 ) `R (1, 1,�2)

dR (3, 1,� 2
3 )

Q̄R (3̄, 2,� 1
3 ) L̄R (1, 2, 1)

ūL (3̄, 1,� 4
3 )

¯̀
L (1, 1, 2)

d̄L (3̄, 1, 2
3 )

H (1, 2, 1) H̄ (1, 2,�1)

g (8, 1, 0) Wi (1, 3, 0)

B (1, 1, 0)

Table 1. Standard Model fields with SU(3) � SU(2)L � U(1)Y charges specified. The electric
charge is defined as Q = T3 +

1
2Y . Note that we do not consider the right-handed neutrinos to be

present in the Standard Model2.

To finalize the simplified model, we specify the spin assignment of each new field: DM, X,

and Ms or Mt. We note that multiple spin assignments are possible for each set of gauge

quantum numbers, largely having to do with the binary choice of spin-0 scalars or spin-1

vectors coupled to fermion currents and the choice of fermion flow through the mediator.

We do not include possible spin representations higher than spin-1. Clearly, the choice

2Since our goal is to study dark matter interactions that may have phenomenological consequences, we

define the SM sector to consist only of experimentally detectable particles. If right-handed neutrinos exist

in a given model, we treat them as part of the dark sector.

– 4 –

L � g1SM1 DM Mt + g2SM2 X Mt + g3SM3 DM X+ Lkin

�i = (DM,X,Mt)are Z2-odd.

g3

XX:
g2

“soft”}

DM

M SM1

SM2

6ET

+
SM3

DM

X
“soft”

• Every Mt gives one (and only one) hard SM particle in the final state.

• All decays here involve missing transverse energy, unlike the s-channel case.

If M is also degenerate 
with X, DM: copycat X.

Mediator: +
XM

SM2

DM

SM3

SM1

DM

g1

M

soft“hard” 

“hard” 

}

g2

XM

SM2

DM

M

SM1

SM2

“hard” 
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Signatures (s-channel)

M

• Production goes via gauge interactions, could be strong: large XS!

• Not covered by any existing LHC search.

• Resonant feature: good handle to kill the background and identify the signal.

• Predicts correlated excesses in di-resonance (LQ pairs) and monojet (plus soft).

DM

M DM

q

l

l

q } resonance!

}

}
soft: (Almost) unobservable

missing energy

g

g

Example: leptoquark!

• 1: Resonant M or MM production (covered by exotic searches at the LHC)

• 2: Monojet + MET + soft SM particles (under exploration...)

• 3: Mixed signature from M pair production: 
MM ! (SM1 SM2)res+ 6ET + soft

20



Signatures (t-channel)
• MSSM-like signatures covered by SUSY searches.

• Strongly produced X partner with soft leptons.

• Dilepton final states with strong production: dark leptoquark 

The “dark” leptoquark
ID X � + ⇥ Mt SA (SM1 SM2) Vertices

TF1

(3, N,�)

10
3

(3̄, N, ⇥ � 4
3 ) IV (uR ⇤̄L)

TF2 (1, N, ⇥ � 2) IV (⇤̄LuR)

TF3

4
3

(3̄, N, ⇥ + 2
3 ) IV (dR ⇤̄L)

TF4 (1, N, ⇥ � 2) IV (⇤̄LdR)

TF5 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLL̄R)

TF6 (1, N ± 1, ⇥ � 1) IV (L̄RQL)

TF7 (3̄, N, ⇥ � 4
3 ) II (uRB), (uRWi), (uRg) DMXuR

TF8 (1, N, ⇥) III (BuR), (WiuR) DMXuR

TF9 (8, N, ⇥) III (guR)[t1] DMXuR

TF10 (3̄, N ± 1, ⇥ � 1
3 ) II (QLH) DMXuR

TF11 (1, N ± 1, ⇥ � 1) III (HQL) DMXuR

TF12 (3, N, ⇥ � 2
3 ) IV (d̄Ld̄L)

TF13

� 2
3

(3, N, ⇥ � 2
3 ) IV (d̄LūL)

TF14 (3, N, ⇥ + 4
3 ) IV (ūLd̄L)

TF15 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RQ̄R)

TF16 (3̄, N, ⇥ � 4
3 ) IV (uR⇤R)

TF17 (1, N, ⇥ + 2) IV (⇤RuR)

TF18 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLLL)

TF19 (1, N ± 1, ⇥ + 1) IV (LLQL)

TF20 (3̄, N, ⇥ + 2
3 ) II (dRB), (dRWi), (dRg) DMXdR

TF21 (1, N, ⇥) III (BdR), (WidR) DMXdR

TF22 (8, N, ⇥) III (guR)[t1] DMXdR

TF23 (3̄, N ± 1, ⇥ � 1
3 ) II (QLH̄) DMXdR

TF24 (1, N ± 1, ⇥ + 1) III (H̄QL) DMXdR

TF25

� 8
3

(3, N, ⇥ + 4
3 ) IV (ūLūL)

TF26 (3̄, N, ⇥ + 2
3 ) IV (dR⇤R)

TF27 (1, N, ⇥ + 2) IV (⇤RdR)

TF28

(3, N ± 1,�)

7
3

(3̄, N, ⇥ � 4
3 ) II (uRH)

TF29 (1, N ± 1, ⇥ � 1) III (HuR)

TF30 (3̄, N, ⇥ � 4
3 ) IV (uRL̄R)

TF31 (1, N ± 1, ⇥ � 1) IV (L̄RuR)

TF32 (3̄, N ± 1, ⇥ � 1
3 ) IV (QL ⇤̄L)

TF33 (1, N, ⇥ � 2) IV (⇤̄LQL)

TF34

1
3

(3̄, N, ⇥ � 4
3 ) II (uRH̄) DMXQL

TF35 (1, N ± 1, ⇥ + 1) III (H̄uR) DMXQL

TF36 (3̄, N, ⇥ + 2
3 ) II (dRH) DMXQL

TF37 (1, N ± 1, ⇥ � 1) III (HdR) DMXQL

TF38 (3̄, N ± 1, ⇥ � 1
3 ) II (QLB), (QLWi), (QLg) DMXQL

TF39 (1, N, ⇥) III (BQL), (WiQL) DMXQL

TF40 (1, N ± 2, ⇥) III (WiQL) DMXQL

TF41 (8, N, ⇥) III (gQL)[t1] DMXQL

TF42 (3̄, N, ⇥ � 4
3 ) IV (uRLL)

TF43 (1, N ± 1, ⇥ + 1) IV (LLuR)

TF44 3, N, ⇥ � 2
3 ) IV (d̄LQ̄R)

TF45 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄Rd̄L)

TF46

� 5
3

(3̄, N, ⇥ + 2
3 ) II (dRH̄)

TF47 (1, N ± 1, ⇥ + 1) III (H̄dR)

TF48 (3̄, N, ⇥ + 2
3 ) IV (dRLL)

TF49 (1, N ± 1, ⇥ + 1) IV (LLdR)

TF50 (3̄, N ± 1, ⇥ � 1
3 ) IV (QL⇤R)

TF51 (1, N, ⇥ + 2) IV (⇤RQL)

TF52 (3, N, ⇥ + 4
3 ) IV (ūLQ̄R)

TF53 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RūL)

TF54

(3, N ± 2,�)

4
3

(3̄, N, ⇥ � 4
3 ) II (uRWi)

TF55 (1, N ± 2, ⇥) III (WiuR)

TF56 (3̄, N ± 1, ⇥ � 1
3 ) II (QLH)

TF57 (1, N ± 1, ⇥ � 1) III (HQL)

TF58 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLL̄R)

TF59 (1, N ± 1, ⇥ � 1) IV (L̄RQL)

TF60

� 2
3

(3̄, N, ⇥ + 2
3 ) II (dRWi)

TF61 (1, N ± 2, ⇥) III (WidR)

TF62 (3̄, N ± 1, ⇥ � 1
3 ) II (QLH̄)

TF63 (1, N ± 1, ⇥ + 1) III (H̄QL)

TF64 (3̄, N ± 1, ⇥ � 1
3 ) IV (QLLL)

TF65 (1, N ± 1, ⇥ + 1) IV (LLQL)

TF66 (3, N ± 1, ⇥ + 1
3 ) IV (Q̄RQ̄R)

TF67
(3, N ± 3,�) 1

3

(3̄, N ± 1, ⇥ � 1
3 ) II (QLWi)

TF68 (1, N ± 2, ⇥) III (WiQL)

Table 7. Same as table 6, where X is a fundamental of SU(3).
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(3, N,↵)X, M colored.  
M gives hard q or l.

X

DM

M

j

l

“Slepton” pairs with strong production!!!

100% unconventional signature!!!

M M ! X lhard DM jhard ! lhard + jhard+ 6E
T

+ l, j
soft

M M̄ ! X X̄ l+h l�h ! l+h l�h l
+
s l

�
s DM DM = 2 OSL+ 6ET + 2ls

21
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soft jets



Signatures

s-channel features unique resonant signature and hard radiation. 
Not considered at the LHC in the context of DM searches.

t-channel signatures are MSSM-like. Interesting to consider all 
SM1,2 possibilities for hard particles coming from Mt decays.

22

produced via the decay of an intermediate X particle. The presence of (SM1SM2)soft is a key

feature of coannihilation models and its strategic meaning for LHC analyses is described

in section ??.

prod. conditions s-channel t-channel

u
n
i
q
u
e

pair production

via gauge int.

2Ms ! 2 (SM

1

SM

2

)

res

2Ms ! (SM

1

SM

2

)

res

+ (SM

1

SM

2

)

soft

+⇢ET

2Mt ! 2 (SM

1

)

hard

+⇢ET

2Mt ! 2 (SM

2

)

hard

+ 2 (SM

1

SM

2

)

soft

+⇢ET

2Mt ! (SM

1

SM

2

)

hard

+ (SM

1

SM

2

)

soft

+⇢ET

(SM

1

SM

2

) 2 p Ms ! (SM

1

SM

2

)

res

SM

1

2 p Ms SM

2

! (SM

1

SM

2

)

res

+ (SM

2

)

hard

Mt DM ! (SM

1

)

hard

+⇢ET

SM

2

2 p Ms SM

1

! (SM

1

SM

2

)

res

+ (SM

1

)

hard

X Mt ! (SM

2

)

hard

+ 2 (SM

1

SM

2

)

soft

+⇢ET

c
o
m

m
o
n

p.p. via g. int. 2Ms or 2X ! 2 (SM

1

SM

2

)

soft

+⇢ET 2X ! 2 (SM

1

SM

2

)

soft

+⇢ET

(SM

1

SM

2

) 2 p Ms ! (SM

1

SM

2

)

soft

+⇢ET X DM ! (SM

1

SM

2

)

soft

+⇢ET

SM

1

2 p Ms SM

2

! (SM

2

)

hard

+ (SM

1

SM

2

)

soft

+⇢ET Mt DM ! (SM

2

)

hard

+ (SM

1

SM

2

)

soft

+⇢ET

SM

2

2 p Ms SM

1

! (SM

1

)

hard

+ (SM

1

SM

2

)

soft

+⇢ET X Mt ! (SM

1

)

hard

+ (SM

1

SM

2

)

soft

+⇢ET

Table 9. General classes of LHC signatures for s- and t-channel models. Signatures specific to
the s-channel, involving (SM

1

SM
2

)
res

resonances, and signatures specific to the t-channel, involving
hard (and soft) SM particles, are given in the first part of the table. Production in association with
a hard SM particle occurs naturally when only one field of the (SM

1

SM
2

) pair is a quark, gluon or
an electroweak vector boson.

3.3.1 Signature class: mono-Y (plus soft SM particles)

The first feature we will discuss is the signatures originated from the decays of the coanni-

hilating partner. On one side, they constitute an ubiquitous feature of our models. On the

other side, X-decays will also appear as sub-diagrams in mediator decays, and thus it is

useful to discuss those modes first for clarity reasons. As alluded to before, the semi-visible

nature of X’s decay is an intruiging ingredient to the co-annihilation framework. The frac-

tional mass splitting between DM and X can vary from the O(15%) to the subpercent

level, which straddles the kinematic boundary between hard, resolvable objects and soft,

marginal energy deposits in the event.

If the soft particles can not be resolved, X-DM and X-X production can not be separated

from the DM-DM signature, which corresponds to pure missing energy. The traditional

way to tag these decays is to consider additional radiation from the initial state (ISR),

giving rise to mono-Y signatures (Y=jet, photon, Z), which allow to trigger the signal and

provide an additional boost to the decay products. In this case, models where X is colored

would give rise to a larger signal at the LHC, however models with uncolored particles can

lead to cleaner mono-Z or mono-photon signatures.

If the soft particles can be resolved, one has additional handles to discriminate signal from

background. We note that the ISR would naturally boost the SM decay products. Thus

if we consider dark matter masses of a few hundred GeV, a typical splitting would lead to

SM particles with momenta of tens of GeV, and many of them will pass the reconstruction

thresholds. We note that due to the busy environment of the LHC, leptons would be

preferred over jets, however a multi-jet analysis could still be a viable option for models
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Dark Matter mediated 

by Leptoquarks
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Example: SF 11
1- Choose your model:
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Example: SF 11
1- Choose your model:

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1
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(uRūL), (dRd̄L), (QLQ̄R), (⌦R ⌦̄L), (LLL̄R)
B,WN�2

i
X

(HH̄)

SU2 F (LLH)

SU3
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B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.
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B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)
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Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each
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B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )
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3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )
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Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.
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Example: SF 11
1- Choose your model:

can be realized, where the high pT ISR recoil in combination with targeted composite

substructure searches become necessary to cover the signature space.

3.3.4 FY: Add a subsection about flavor probes and horizontal symmetries?

Besides the direct production of new particles, we can also study flavor probes, especially

if horizontal symmetries are added to our models.

4 Case Study: Leptoquark Model

In this Section, we will adopt the s-channel model SF11 and study its phenomenology in

detail. This will exemplify many of the general comments we have discussed in Sec. 3

with regards to cosmological and collider probes. We pay particular attention to the

novel collider signatures presented in Subsec. 3.3, designing search strategies for both the

pair-produced mediator mixed decay channel and the composite substructure signal from

pair-produced X particles.

4.1 From simplified model to Lagrangian

The explicit field content of model SF11 is shown in Table 9. As mentioned in Sec. 2, this

is the minimal model content needed to realize the s-channel co-annihilation diagram X

DM ⇤ SM1 SM2.

Field (SU(3), SU(2), U(1)) Spin assignment

DM (1, 1, 0) Majorana fermion

X (3, 2, 7/3) Dirac fermion

M (3, 2, 7/3) Scalar

Table 9. Field content, SM gauge quantum numbers, and spin assignments for the case study
SF11.

For this model, we choose the DM to be a Majorana fermion, X as a Dirac fermion, and

M as a scalar. The general dimension-4 Lagrangian is then

L = iDMc /DDM + iX /DX + |DµM|2 + mDM

2
DM DM +mXX X � V (M , H)

+
�
yDX M DM + h.c.

⇥
+

�
yQ QRM �R + h.c.

⇥
+

�
yLuLRM

cuR + h.c.
⇥
,

V (M, H) = V (H) +
1

2
m2

MM2 +
1

4
⇥MM4 + �MM2

⇤
H2 � v2

2

⌅
,

(4.1)

with Mc ⇥ i⇤2M� as the charge-conjugate field. Note M and H do not mix, as M is colored.

We note that the Yukawa coupling yD and the leptoquark Yukawa coupling matrices yQ 
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2- Assign spins, quantum numbers:

DM, X could have been scalars or vectors.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X
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B (dRūL), (H̄H̄) X

SU6 F (LLH̄), (⌦RB) ⌦R

SU7
(1, 3,�2)N�2 B (H̄H̄), (LLLL) X(� = ±1)

SU8 F (LLH̄) ⌦R

SU9 �4 (1, 1,�4) B (⌦R⌦R) X(� = ±2)

SU10

(1, N ± 1,�)

�1 (1, 2,�1)
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3 ) B (ūLūL), (dR⌦R) X� = 4
3

SF11

(3, N ± 1,�)

7
3 (3, 2, 7

3 )
B (QL ⌦̄L), (uRL̄R)

SF12 F (uRH)

SF13 1
3 (3, 2, 1

3 )
B (dRL̄R), (Q̄Rd̄L), (uRLL)

SF14 F (uRH̄), (dRH), (QLB), (QLWi), (QLg) QL

SF15
� 5

3 (3, 2,� 5
3 )
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Example: SF 11
1- Choose your model:

can be realized, where the high pT ISR recoil in combination with targeted composite

substructure searches become necessary to cover the signature space.

3.3.4 FY: Add a subsection about flavor probes and horizontal symmetries?

Besides the direct production of new particles, we can also study flavor probes, especially

if horizontal symmetries are added to our models.

4 Case Study: Leptoquark Model

In this Section, we will adopt the s-channel model SF11 and study its phenomenology in

detail. This will exemplify many of the general comments we have discussed in Sec. 3

with regards to cosmological and collider probes. We pay particular attention to the

novel collider signatures presented in Subsec. 3.3, designing search strategies for both the

pair-produced mediator mixed decay channel and the composite substructure signal from

pair-produced X particles.

4.1 From simplified model to Lagrangian

The explicit field content of model SF11 is shown in Table 9. As mentioned in Sec. 2, this

is the minimal model content needed to realize the s-channel co-annihilation diagram X

DM ⇤ SM1 SM2.

Field (SU(3), SU(2), U(1)) Spin assignment

DM (1, 1, 0) Majorana fermion

X (3, 2, 7/3) Dirac fermion

M (3, 2, 7/3) Scalar

Table 9. Field content, SM gauge quantum numbers, and spin assignments for the case study
SF11.

For this model, we choose the DM to be a Majorana fermion, X as a Dirac fermion, and

M as a scalar. The general dimension-4 Lagrangian is then

L = iDMc /DDM + iX /DX + |DµM|2 + mDM

2
DM DM +mXX X � V (M , H)

+
�
yDX M DM + h.c.

⇥
+

�
yQ QRM �R + h.c.

⇥
+

�
yLuLRM

cuR + h.c.
⇥
,

V (M, H) = V (H) +
1

2
m2

MM2 +
1

4
⇥MM4 + �MM2

⇤
H2 � v2

2

⌅
,

(4.1)

with Mc ⇥ i⇤2M� as the charge-conjugate field. Note M and H do not mix, as M is colored.

We note that the Yukawa coupling yD and the leptoquark Yukawa coupling matrices yQ 
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2- Assign spins, quantum numbers:

DM, X could have been scalars or vectors.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X
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B (Q̄RūL), (QL⌦R), (dRLL)

SF16 F (dRH̄)

SF17

(3, N ± 2,�)

4
3 (3, 3, 4

3 )
B (QLL̄R) X� = � 2

3

SF18 F (QLH)

SF19
� 2

3 (3, 3,� 2
3 )

B (Q̄RQ̄R), (QLLL) X� = 1
3

SF20 F (QLH̄)

Table 3. Same as table 2, where X is a fundamental of SU(3). FY: This caption will be
changed when we separate X–DM–SM hybrid models. In models SF3, SF6 and SF 14
whenever SM2 is a gluon the mediator must be a Standard Model quark.

hypercharge sums �+⇥ are shown in the third column. Each corresponding possibility for

the t-channel mediator are shown in the fifth column.

For t-channel models, there are four di�erent possible patterns for spin assignments of

DM, X, and Mt. We depict these patterns in Fig. 2 and indicate the pattern for each

– 10 –

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SU1

(1, N,�)

0

(1, 1, 0)
B
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B (dRQ̄R), (ūLQL), (L̄R⌦R), (H̄B), (H̄Wi) H̄

SU11 F (⌦RH), (LLB), (LLWi) LL

SU12
�3 (1, 2,�3)

B (LL⌦R)

SU13 F (⌦RH̄)

SU14

(1, N ± 2,�)

0 (1, 3, 0)
B (LLL̄R), (QLQ̄R), (HH̄), (WiWi) X(� = 0)

SU15 F (LLH)

SU16
�2 (1, 3,�2)

B (H̄H̄), (LLLL) X(� = ±1)

SU17 F (LLH̄)

Table 2. List of possible models which give rise to co-annihilation diagrams in the s-channel,
for DM in (1, N,⇥). In most of the cases conjugating a single row will lead to a di�erent model,
however, with similar phenomenology.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X

SF1

(3, N,�)

10
3 (3, 1, 10

3 ) B (uR l̄L) X� = � 5
3

SF2

4
3

(3, 1, 4
3 )

B (dR ⌦̄L), (QLL̄R), (d̄Ld̄L) X� = � 2
3

SF3 F (QLH), (uRB), (uRg) uR

SF4
(3, 3, 4

3 )N�2 B (QLL̄R) X� = � 2
3

SF5 F (QLH) uR

SF6

� 2
3

(3, 1,� 2
3 )
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3- Write down the Lagrangian

L = iDMc /DDM + iX /DX + |DµM|2 + mDM

2
DM DM +mXX X

�

V (H) +

1

2
m2

MM2 +
1

4
�MM4 + ✏MM2

✓
H2 � v2

2

◆ �

+
�
yDX M DM + h.c.

�
+
�
yQ`QRM `R + h.c.

�
+

�
yLuLRM

cuR + h.c.
�
.
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Example: SF 11
1- Choose your model:

can be realized, where the high pT ISR recoil in combination with targeted composite

substructure searches become necessary to cover the signature space.

3.3.4 FY: Add a subsection about flavor probes and horizontal symmetries?

Besides the direct production of new particles, we can also study flavor probes, especially

if horizontal symmetries are added to our models.

4 Case Study: Leptoquark Model

In this Section, we will adopt the s-channel model SF11 and study its phenomenology in

detail. This will exemplify many of the general comments we have discussed in Sec. 3

with regards to cosmological and collider probes. We pay particular attention to the

novel collider signatures presented in Subsec. 3.3, designing search strategies for both the

pair-produced mediator mixed decay channel and the composite substructure signal from

pair-produced X particles.

4.1 From simplified model to Lagrangian

The explicit field content of model SF11 is shown in Table 9. As mentioned in Sec. 2, this

is the minimal model content needed to realize the s-channel co-annihilation diagram X

DM ⇤ SM1 SM2.

Field (SU(3), SU(2), U(1)) Spin assignment

DM (1, 1, 0) Majorana fermion

X (3, 2, 7/3) Dirac fermion

M (3, 2, 7/3) Scalar

Table 9. Field content, SM gauge quantum numbers, and spin assignments for the case study
SF11.

For this model, we choose the DM to be a Majorana fermion, X as a Dirac fermion, and

M as a scalar. The general dimension-4 Lagrangian is then

L = iDMc /DDM + iX /DX + |DµM|2 + mDM

2
DM DM +mXX X � V (M , H)

+
�
yDX M DM + h.c.

⇥
+

�
yQ QRM �R + h.c.

⇥
+

�
yLuLRM

cuR + h.c.
⇥
,

V (M, H) = V (H) +
1

2
m2

MM2 +
1

4
⇥MM4 + �MM2

⇤
H2 � v2

2

⌅
,

(4.1)

with Mc ⇥ i⇤2M� as the charge-conjugate field. Note M and H do not mix, as M is colored.

We note that the Yukawa coupling yD and the leptoquark Yukawa coupling matrices yQ 
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2- Assign spins, quantum numbers:

DM, X could have been scalars or vectors.

ID X � + ⇥ Ms Spin (SM1 SM2) SM3 M-X-X
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B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8
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B (Q̄RQ̄R), (ūLd̄L), (uR, ⌦R), (QLLL) X� = 1
3

SF7 F (QLH̄), (dRB), (dRg) dR

SF8
(3, 3,� 2

3 )N�2 B (Q̄RQ̄R), (QLLL) X� = 1
3

SF9 F (QLH̄) dR

SF10 � 8
3 (3, 1,� 8
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4- Free params: mDM,mX,mM, yD, yQ`, yLu,�M, ✏M

3- Write down the Lagrangian

L = iDMc /DDM + iX /DX + |DµM|2 + mDM

2
DM DM +mXX X

�

V (H) +

1

2
m2

MM2 +
1

4
�MM4 + ✏MM2

✓
H2 � v2

2

◆ �

+
�
yDX M DM + h.c.

�
+
�
yQ`QRM `R + h.c.

�
+

�
yLuLRM

cuR + h.c.
�
.
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The flavor story

25

yQl, yLu•             are matrices in flavor space. Neglect CP-violation.  

• Strong constraints from meson mixing (i.e                                     )  
gives strong constraints, take off-diagonal elements to zero.

• Lepton-flavor violating probes

K � K̄, B � B̄, Bs � B̄s, D � D̄

⇠ y11lQ y33lQ

b

d

⌧

e

L �
(
yijQ`

⇥
uL

i�5/3`jR + dL
i
�2/3`jR

⇤
+ yijLu

⇥
⌫L

i
�
�2/3

�⇤
uj
R � `L

i�
�5/3

�⇤
uj
R

⇤
+ h.c.

)

Br(Bd ! ⌧+e�) < 2.8⇥ 10�5 y11lQ y33lQ < 1.1, m� = 1 TeV

y11lQ y22lQ . 10�5, m� = 1 TeVBr(K0 ! µ+e�) < 4.7⇥ 10�12

Br(Bs ! ⌧+µ�
) : no data!
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• Strong constraints from meson mixing (i.e                                     )  
gives strong constraints, take off-diagonal elements to zero.

• Lepton-flavor violating probes

K � K̄, B � B̄, Bs � B̄s, D � D̄

⇠ y11lQ y33lQ

b

d

⌧

e

L �
(
yijQ`

⇥
uL

i�5/3`jR + dL
i
�2/3`jR

⇤
+ yijLu

⇥
⌫L

i
�
�2/3

�⇤
uj
R � `L

i�
�5/3

�⇤
uj
R

⇤
+ h.c.

)

Br(Bd ! ⌧+e�) < 2.8⇥ 10�5 y11lQ y33lQ < 1.1, m� = 1 TeV

y11lQ y22lQ . 10�5, m� = 1 TeVBr(K0 ! µ+e�) < 4.7⇥ 10�12

Br(Bs ! ⌧+µ�
) : no data! Flavor probe of a CA 

simplified model!
Belle II? LHCb?



Simplifications and analysis

�M , ✏M

• Avoid neutrinos and obvious issues with flavor:

•            are irrelevant for the pheno. No H-M mixing.   

• Equal BRs into SM and dark-sector.

• DM, X close in mass,                            is not arbitrary.� = (mX �mDM )/mX

Pheno 
analysis

Current
bounds

M M ! (lq) (lq)

Mixed:

Monojet:

ATLAS (arXiv 1508.04735), CMS-PAS-EXO-12-041

CMS-PAS-EXO-12-043M l ! (lq) l

yLu = 0, y11Ql 6= 0 (electrons) OR y22Ql 6= 0(muons) .

M M ! (lq)res (XDM) ! (lq)res+ 6ET

26

X X+ j ! j+ 6ET + l+s l
�
s



Relic density
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Resonance

Figure 6. Relic density ⇥h2 in model SF11 with yLu = 0, as a function of DM mass using the
indicated leptoquark mediator mass, fractional mass splitting �, and yD = yQ⌅ parameters, and
the measured DM relic density with 3� error bands from Planck [1]. The resonant co-annihilation
via DM X � q⇥ is clearly visible, and simple dependencies on � and yD are also evident. FY: Can
we change the header to yD = yQ⌅?

the important dependence on �, which shifts the overall scale of the relic density via the

exponential factors in Eqn. 3.1.

Since � plays a critical role in the co-annihilation calculation, we show the relic density

for concrete choices of mLQ, mDM, and yD = yQ⌃ as a function of � in Fig. 7. For

large � � 40%, the co-annihilation partner X either decays or otherwise plays no role in

depleting the number density of DM, as the exponential suppression in Eqn. 3.1 is too

significant to contribute to �e⇥. In our case study, since there is no tree-level DM pair

annihilation directly to SM particles, a large � is generally ruled out because the resulting

DM relic density causes overclosure of the universe. The leading DM pair annihilation to

SM particles proceeds via a triangle loop with intermediate leptoquark mediator and X

particles, which we expect to be subdominant to the tree-level processes considered JL:

when � is small. This is a competition of loop factor and exponential factor

e�/Tf . Need properly phrase here. In correspondence with Fig. 6, larger values of

mDM have larger relic density, and smaller mDM have smaller relic density. For a given

mDM, increasing yD = yQ⌃ leads to progressively smaller ⇥h2, as the corresponding co-

annihilation cross section �DM X in Eqn. 3.1 scales as y2Dy
2
Q⌃. For lighter mDM and smaller

� ⇥ 5%, however, changing yD = yQ⌃ does not a⇤ect the relic density. This is because the

– 34 –

• Thresholds can be seen (resonances).  

• Strong dependence on        .�, yD
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Figure 13. Relic density ⌦h2 in model SF11 with yLu = 0, as a function of the fractional mass
splitting, � ⌘ (m

X

� m
DM

)/m
DM

, using the indicated parameters for the leptoquark mediator
mass, DM mass, and yD = yQ`, and the measured DM relic density with 3� error bands from
Planck [2]. Strengthening the co-annihilation process via increasing yD = yQ` leads to a marked
decrease in ⌦h2.

from decaying. For m
LQ

> (2 + �)mDM, the mediator can decay to X DM on-shell, and

we see the required fractional mass splitting in this part of parameter space is O(50%).

In figure 15, we show the same 2D parameter space of mDM vs. m
LQ

except we scan over

y
D

= y
Q`

and fix � = 0.2. As anticipated from figure 12, the co-annihilation resonance

is evident for the diagonal around JL: m
LQ

⇠ 2.2mDM which is plotted as the gray

dashed line, implying that only a minimal y
D

= y
Q`

is needed to obtain the required

relic density. As alluded to in figure 13, for a fixed m
LQ

, the lighter DM mass causes the

sensitivity to y
D

= y
Q`

to disappear below a given value since �e↵ then dominated by XX

annihilation. This behavior controls the triangular shape of the white cut-o↵ region in the

lower right. JL: for mDM < 100 GeV, there is also white cut region that X X

contribution is too large that relic density is always smaller than needed, thus

no solution for y
D

.

FY: For the moment, include JB text on direct detection

As the typical momentum transfer in DM-nucleus scattering is very small compared to the

masses of DM, mediators, and X, we can match the full theory given by the Lagrangian (4.1)

– 36 –
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LHC phenomenology
pp ! M M ! (lq)

res

+ (lq)
soft

+ 6ET in MG5_aMC@NLO / Pythia 6.4 / Delphes 3.2

Background Cross section (pb)

QCD 2.1 ⇥ 107

Leptonic W± + 1, 2 jets 2235

Semileptonic tt 791

(Z ! ⌫⌫) + j 738

(Z ! ⌧+⌧�) + j 163

Semileptonic W+W� 9.8

W (Z ! ⌫⌫) + j 2.2

W (Z ! jj) 2.2

Table 11. Cross sections at the 13 TeV LHC, including the corresponding leptonic branching ratios,
for the di↵erent backgrounds simulated in the semi-visible pair-produced leptoquark mediator study.

the mismeasurement of jet energies.

• W±+ jets, W± ! `±, ` = e or µ: We again generate a matched sample for W+ 1 or

2 jets. The leptonic decay of the W provides a real lepton and real MET.

• Semileptonic tt: Similar to W±+ jets, the semileptonic tt background provides real

leptons and real MET.

• Z+ jets, Z ! ⌫⌫: We generate a matched sample of Z+ 1 or 2 jets, with Z ! ⌫⌫.

The hard lepton in our analysis can arise when one of the additional jets fakes a

lepton.

• Z+ 1 jet, Z ! ⌧+⌧�: We generate a separate sample for Z ! ⌧+⌧�, since the

leptonic decay of the ⌧ can provide a real source of MET and a hard lepton.

• Semileptonic W+W�: In the same way as semileptonic tt, this background will have

give a hard lepton and real MET.

• W±Z, W ! `⌫, Z ! jj: Another diboson background that gives a hard lepton and

real MET.

• W±Z + 0 or 1 jet, W ! `⌫, Z ! ⌫⌫: We generate the matched sample for this

specific diboson background separately in order to determine the possible SM contri-

butions to the MET tail.

All of the matched samples use a matching scale set to 40 GeV, and we generate the

backgrounds in ascending bins of H
T

, which is the scalar sum of all jet activity in the

event []. The cross section for each background is shown in table 11.

In table 12, we show the cut flow for the background and a benchmark signal: we choose

950 GeV leptoquark, 405 GeV DM and 445 GeV X. We operate at 13 TeV with a luminosity

– 43 –

Basic cuts:
pT (j1) > 50 GeV, pT (e1) > 30 GeV

vetoes: b jets, Z
Ne < 2 , Nhard jets  3 .

Basic cuts mT > 100 GeV 6ET > 650 GeV

Apply 40 GeV mass window

Signal benchmark

M=950 GeV

DM=405 GeV

  X=445 GeV

σ(MM) = 8 fb



Pheno status

L = 100 fb�1

Mixed: Exclusion up to 1.2 TeV with 

                          and                    .BR(M ! lq) = 0.5

LQ pairs insensitive to             , 

strong production, limited by mass. 

yD, yLq

LQ single prod. very sensitive to          ,

no meaningful constraints for             .

yD, yLq

yD = 0.1
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Existing
searches

(8, 13 TeV)

LQ single
LQ pairs
monojet 
(XX+j)

Future
probes

LQ pairs “mixed”

monojet + soft leptons

XX+j, excludes mX <0.3 (1.1) TeV 
for traditional monojet (+soft leptons).

(13 TeV)

LQ Exclusion (2σ)
Pair Production (Visible)
XX+j (Monojet)
Pair Production (Mixed)
XX+j (Monojet + Leptons)

Δ = 0.1, Br(LQ→lq) = 0.5
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Mixed signature is key to establish 
co-annihilation at the LHC.



Conclusions 
• We have performed a general classification of coannihilating dark matter, assuming 
only that dark-matter is a thermal relic described by dimension 4 operators.

• We build a compact minimal basis of simplified models under our assumptions.

• Our basis provide the building blocks for any renormalizable thermal DM theory, 
which can be reached by combining several entries and adding mixing and Higgs 
insertions.

• We have studied the potential signatures of all of our models, which leads to a very 
rich phenomenology at colliders.

• Our basis is also useful for GeV/MeVish DM (most likely Uncolored models).

• We have presented a non-standard DM search in the context of leptoquark 
mediators, which are not being searched for at the LHC.

• Plenty left for future studies: direct/indirect detection, cosmology, flavor bounds, 
additional “non-standard” models, etc...
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